A two-dimensional porous coordination polymer (NH 4 ) are due to the rotational motions of ammonium ions and play important roles in the proton conduction mechanism.
Introduction
Metal-organic frameworks (MOFs), which are composed of metal ions and organic ligands, have attracted much attention in the last decade due to their applications in gas sorption, [1] [2] [3] catalysis, 4, 5 and ionic conductivity. [6] [7] [8] [9] [10] [11] [12] They are often called porous coordination polymers (PCPs) because they commonly possess a porous structure, a key characteristic of MOFs since the architecture (e.g., size, dimensionality) can be controlled by changing metal ions and ligands. [13] [14] [15] We have focused on PCPs exhibiting proton conductivity. High-performance proton conductors have an important role in fuel cell applications. [16] [17] [18] Protons are supplied by acidic groups such as -COOH and -OH (sometimes -NH 2 group) on the pore wall and are carried by molecules (in most cases, water molecules) inside the pore. [19] [20] [21] 23, 24 For example, in copper rubeanate (H 2 C 2 N 2 S 2 Cu; H 2 dtoaCu), the proton conductivity is mainly governed by the protons provided by the -NH 2 group in the pore wall. H 2 dtoaCu adsorbs water in its pores to a maximum hydration of 3.7 molecules at a relative humidity (RH) of 100%. The conductivity at this concentration is 0.01 S cm À1 , comparable to that of Nafion, currently the best commercial proton conductor. Our quasi-elastic neutron scattering (QENS) study has revealed that the water inside the pore behaves as bulk water (or free water) above the phase transition temperature, and is condensed on the pore surface below this temperature. This free water plays an important role as the proton carrier. 25, 26 (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ] (adp = adipic acid, ox = oxalate) is one of the PCPs developed in recent years. It has been reported that (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ] adsorbs as many water molecules as copper rubeanate and the proton conductivity of the trihydrate sample ((NH 4 ) 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O) is also 0.01 S cm À1 . 22 Unlike copper rubeanate and Nafion which are amorphous solids, (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ] can be synthesized as single crystals, leading to more homogeneous samples with high reproducibility, on which very precise structural work can be performed to investigate the mechanism of proton conduction. The crystal structure of (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ], determined by single-crystal X-ray diffraction measurements, 22 is shown in Fig. 1 . Two-dimensional honeycomb sheets are formed by an oxalated-bridged framework [Zn 2 (ox) 3 ] 2À and adipic acids penetrate the sheets nearly vertically. There are carboxyl groups of adipic acids, ammonium ions and water molecules in the space between the zinc oxalate layers. We call this space ''proton conducting layers''. It is presumed that protons are supplied by carboxyl groups and carried by water molecules and potentially by ammonium ions. The first purpose of this study is to investigate the phase behavior of (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O and clarify the relation between the phase transition, which is associated with water molecules and/or ammonium ions, and the proton conductivity. For this purpose, we have performed adiabatic calorimetry and neutron powder diffraction measurements at temperatures between 5 and 300 K. Next, to reveal the proton-conducting mechanism, QENS measurements have been carried out in a time range between 0.1 ps and 10 ns. The incoherent neutron scattering cross-section of a hydrogen atom (s inc = 80 b,
) is much larger than the incoherent/coherent cross-sections of other atoms such as carbon (s inc = 0 b), nitrogen (s inc = 0.5 b), oxygen (s inc = 0 b), and deuterium (s inc = 2.1 b). Therefore, the self-motions of molecules/ions/functional groups with hydrogen atoms are preferentially detected through the incoherent scattering from hydrogen atoms. For all experiments, we have also investigated K 2 (adp) [ 
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The sample was handled in the same manner.
In the neutron scattering experiments, the methylene chains of adipic acid were deuterated in both (NH 4 2 O, such that their contribution to the scattering signal is low, and the majority arises from the motions of the water, ammonium ions, and carboxyl groups.
Adiabatic calorimetry
The heat capacity measurements were performed using a custom-built adiabatic calorimeter. 28 In adiabatic calorimetry, the heat exchange between the sample and the environment is virtually eliminated and the heat capacity is obtained from a simple relation C = DE/DT. was measured in the same way.
Neutron scattering
The dynamics of the molecules and ions in the proton-conducting layers of (NH 4 were probed using three neutron spectrometers with different energy resolutions, to cover timescales between 0.1 ps and 10 ns (five orders of magnitude). In the QENS measurements, neutrons scattered from a sample are energy-analyzed by means of Bragg reflection from one of two large single crystal arrays (PG and muscovite mica) in close to backscattering geometry (2y B = 1751 where y B is the Bragg angle of the analyzer crystal) and are counted in the detector array (271 o 2y o 1581). The diffraction bank at 2y = 1701 enables us to measure the diffraction pattern simultaneously with QENS data in the range of the scattering vector, 1.6
. This bank is not for full structural analysis but for checking the structural change during the QENS measurement. In this study, IRIS was operated in the PG(002) configuration which provides an energy window of À0.5 meV o ho o 0.5 meV and an energy resolution DE res of 17.5 meV, covering the relaxation time ranging from 10 ps to 150 ps.
In the fixed window scans, the intensity was recorded at 3.5 K and at every 10 K from 10 K to 300 K. The QENS data were collected at 5 K (for resolution), 100 K, 120 K, 150 K, 180 K, 210 K, 240 K, 270 K, and 300 K with a counting time of 4 h for (NH 4 accompanied by a l-type heat capacity anomaly. On the other hand, the heat capacity exhibits a step-like anomaly at the transition temperature in K 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O. To estimate the entropy change at the transitions, the baseline C base was estimated by fitting the heat capacities to a quartic function in the temperature range from 60 K to 80 K (below T trs ) and from 90 K to 130 K (above T trs ). For K 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O, the heat capacities were fitted by a cubic function in the temperature range from 70 K to 100 K and from 150 K to 200 K. The baselines are shown as the dashed lines in Fig. 2 and 3 . The transition entropy D trs S as a function of temperature is evaluated from the equation: 2 O, the change in the diffraction pattern occurs gradually, which is consistent with the fact that the transition entropy gradually changes over a wide temperature range (see Section 3.1).
To gain more insight into the arrangement of hydrogen atoms, further accurate neutron diffraction studies are required.
Mean square displacement
To investigate the temperature at which relaxation processes are activated within the time window of a given spectrometer, the mean square displacement, hu 2 i, was obtained from an elastic fixed window scan. In the fixed window scan, we measure the elastic intensity I(Q,T) as a function of scattering vector Q and temperature T; the intensity is integrated around ho = 0 over a fixed energy region corresponding to the instrumental resolution. The mean square displacement, hu 2 i, is evaluated from the equation
Here, the elastic intensity is normalized to the value at the minimum temperature T min ; hu 2 i min corresponds to the mean square displacement at T = T min . hu 2 i which varies linearly with respect to temperature for a harmonic oscillator and so the deviation from the straight line indicates the occurrence of anharmonic vibration and/or relaxation in the samples. Fig. 6 shows the mean square displacements taken on the three neutron spectrometers with different energy resolutions. As for (NH 4 3 ]Á 3H 2 O using the three spectrometers having different energy resolutions. Fig. 7 shows, as an example, the dynamic structure factor, S(Q,o), observed at Q C 1.25 Å À1 and T = 120 K, taken on the three spectrometers. The data were fitted to the following equations:
where R(Q,o) is the resolution function of each instrument. A delta function d(o) is attributed to the static component (or much slower motion than the instrumental resolution) mainly from hydrogen atoms and slightly from the coherent scattering contribution from other atoms, whereas L i (Q,o) describes the relaxations of hydrogen atoms. In the case where the relaxation function is represented as a simple exponential decay (Debye relaxation),
o) is expressed by Lorentz functions as given in eqn (4). G(Q)
is the half width at half maximum (HWHM) of the Lorentz function. The subscript of L i (Q,o) implies that there exist multiple relaxation modes in the system. Since the number of observable relaxations depends on the energy resolution and window of the instrument, we accordingly change the number of Lorentz functions. BG is the constant background. The fitting procedures were carried out using the PAN program on the DAVE software. 33 The fits converged well at all Qs and temperatures for all spectrometers. The results of the fits were satisfactory as shown in Fig. 7 .
To obtain the spatial information on the relaxations, we investigated the Q-dependence of the relaxations. The Q regions where strong diffraction peaks appear were omitted from the analysis. Fig. 8 displays G as a function of Q at 120, 180, and 240 K on AGNES and at 100 and 220 K on HFBS. No pronounced Q-dependence of G implies that these motions of hydrogen atoms are of a local origin. In the measurements on IRIS, similar behavior was observed. Hence, all of the hydrogen motions observed in (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O are local relaxations. The mechanisms of the proton diffusion assisted by water molecules are roughly divided into two: i.e., one is the Vehicle mechanism in which a water molecule having a proton, that is a hydronium ion (H 3 O + ), carries a proton for a long distance 34 and the other is the Grotthuss mechanism in which a hydronium ion reorients and passes a proton to a neighboring water molecules through a hydrogen bond. 35, 36 3 ]Á3H 2 O. The relaxation times are evaluated from the relation, t = 1/G, for the Lorentz functions. Here, the G data for all Q values are summed up because no Q dependence on G was observed as described before. The average Q value was 1.25 Å À1 .
There exist four relaxation modes (L 1 , L 2 , L 3 , and L 4 ) in (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O. These relaxation modes were observed by two different instruments though their observation temperatures are sometimes different. This fact increases the reliability of the analysis and the related discussion. It is noteworthy that the data of each relaxation lie on each straight line, meaning that all relaxations follow the Arrhenius law in the whole temperature range. For each relaxation mode, the activation energy, DE a , of the relaxation is obtained from the slope of the plots assuming the Arrhenius equation
where R (= 8.314 J K À1 mol À1 ) is the gas constant and t 0 is the relaxation time at infinite temperature. The activation energy for each relaxation is shown in 3 ]Á3H 2 O, the relaxations obviously changed at the transition temperature as shown in Fig. 9 . It was confirmed that there is no relaxation below the transition temperature in a shorter time region of L 1 0 .
This measurement was performed by DCS (NCNR, NIST, USA), 37 a chopper spectrometer suitable for a time region between 10 À10 s and 10 À12 s. In general, molecular/ionic motions do not become faster below the transition temperature; therefore, it is speculated that the two relaxations observed below the transition temperature are the motions of ammonium ions. It is interesting to note that the activation energy below the transition temperature is lower than that above the temperature. 3.4.3 Elastic incoherent structure factor. We have made further analysis on the two local relaxations of ammonium ions (L 1 and L 2 ). For the local motion, G(Q) does not give us any geometrical information, but the relative integrated intensities do via the elastic incoherent structure factor (EISF), A 0 (Q). This is defined as
where I elastic and I QENS are the peak intensities of elastic and quasi-elastic scatterings, respectively. Fig. 10 shows the EISFs of the L 1 and L 2 relaxations measured at 120 K as a function of momentum transfer Q. For other relaxations, which were measured on HFBS, it was difficult to obtain analyzable A 0 (Q) probably because the detector efficiencies of HFBS were not corrected appropriately against Q in our experiment. It was also difficult to analyze the data at higher temperatures since two relaxations, e.g., L 1 and L 2 , approach each other as shown in Fig. 9 .
The EISF varies as a function of Q, depending on the dynamical model. 38, 39 In an ammonium ion, four hydrogen atoms surround a central nitrogen atom with tetrahedral symmetry. The contribution from the incoherent scattering of nitrogen atoms can be neglected, so that the incoherent scattering reflects only the motion of the hydrogen atoms. We considered several dynamic models; a jump about a threefold axis (C 3 jump), a jump among the apices of a tetrahedron (T d jump), a continuous rotation about a threefold axis (C 3 free rot.), a continuous rotation about a twofold axis (C 2 free rot.), and an isotropic rotation on the circumscribed sphere of the tetrahedron (Spherical rot.). Note that a jump about the C 2 axis is indistinguishable from that about the C 3 axis. The A 0 s for the reorientation of the ammonium ion are given by
A 0 C 3 free rot:
A 0 C 2 free rot:
where r is the distance between the hydrogen and nitrogen atoms, and J 0 and j 0 are 0th order of the Bessel and spherical Bessel functions, respectively. In this calculation, r was fixed to be a literature value (1.0 Å). The calculated A 0 (Q)s are also plotted in Fig. 10 . It can be concluded that the ammonium ions likely perform a continuous rotation around the C 3 axis while jumping between two preferred orientations.
Proton conducting path
Finally, we discuss proton conducting pathways in (NH 4 , and -COOH groups of adipic acid located in the proton conducting layers. Since the positions of hydrogen atoms were not determined by the X-ray diffraction, 22 we consider the oxygen and nitrogen atoms which can be associated with the hydrogen bonds. hydrogen-bond network; there are 3-4 hydrogen bonds between N(1) and O(n) (n = 8, 9, 10). We speculate that the high proton conductivity in (NH 4 ) 2 (adp)[Zn 2 (ox) 3 ]Á3H 2 O is realized not only by many proton conducting paths but also by the high mobility of ammonium ions (rotation around the C 3 axis with small activation energy). This would have to be confirmed through the determination of the exact positions of hydrogen atoms forming the hydrogen bonds.
Conclusion
In this paper, in order to elucidate the relation between the proton conductivity and phase transitions, we have performed adiabatic calorimetry and neutron powder diffraction experiments for (NH 4 2 O. This network can contribute to the Grotthuss mechanism of proton conduction. In order to further investigate the proton conducting mechanism, it is essential to determine the crystal structure and specifically the positions of the H atoms by means of a high resolution neutron diffractometer.
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